Construction of physical maps of genomes by pulsed-field gel electrophoresis requires enzymes which cut the genome into an analyzable number of fragments; most produce too many fragments. The enzyme I-Ceu I, encoded by a mobile intron in the chloroplast 23S ribosomal RNA (rrl) gene of Chlamydomonas eugametos, cuts a 26-bp site in the rrl gene. This enzyme digests DNA of Salmonella typhimurium at seven sites, each corresponding to one of the rrl genes of the rrn operons, but at no other site. These seven fragments were located on the previously determined Xba I physical map, and the I-Ceu I sites, and thus the rrn genes of S. typhimurium, were mapped on the 4800-kb chromosome. Eschenchia coli K-12 also yields seven fragments of sizes similar to those of S.
Pulsed-field gel electrophoresis (PFGE) has had a dramatic impact on analysis of physical maps of genomes. In bacteria the circular genetic elements must be cut into linear fragments for physical analysis. Most restriction enzymes with 6-bp specificity have many sites and cut the chromosome into too many fragments for analysis. The sequence CTAG is infrequent in the enteric bacteria (1) , and the following restriction enzymes which have this sequence in a 6-bp site have been used in genome analysis: Xba I (TCTAGA) in Escherichia coli (2) and Salmonella typhimurium (3) ; Bln I (= Avr II) (CCTAGG) in E. coli (2, 4) and S. typhimurium (5); Nhe I (GCTAGC) in Neisseria gonorrhoeae (6) ; and Spe I (ACTAGT) in Myxococcus xanthus (7) . In our search for other suitable enzymes we tested the enzyme I-Ceu I, which is a double-strand endonuclease encoded by a group I intron in the large subunit rRNA gene of Chlamydomonas eugametos (8, 9) ; the intron is called CeLSU.5, and the enzyme is designated I-Ceu I (the "I" refers to intron). The endonuclease cuts DNA in the 26-bp sequence 
TAACTATAACGGTCCTAAGGTAGCGA ATTGATATTGCCAGGATTCCATCGCT
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
at the points marked by arrows, leaving a 3' overhang. The minimum number of bases required in the site is not known, but it is less than 26 bp (9) . Since rRNA-determining genes are very highly conserved (10) , the enzyme would be expected to cleave the DNA of a wide range of organisms in the rRNA genes. E. coli cells carrying a plasmid expressing the I-Ceu I protein had reduced growth rate; since the I-Ceu I site is present in known sequence in the rrnB gene of E. coli, Gauthier et al. (8) recognized that the rrn genes might be cut by I-Ceu I.
We show that I-Ceu I (hereafter called Ceu I) cuts the DNA of enteric bacteria such as S. typhimurium, E. coli K-12, and other serovars of Salmonella at seven sites. The locations of these sites are consistent with the conclusion that a site in each rRNA gene, and no other site, is cleaved. DNA of other species of Gram-negative bacteria is cleaved in a similar fashion. Because ofconservation of numbers and locations of Ceu I sites, based on conservation of numbers and locations of rRNA genes in the genomes of bacterial species, analysis with Ceu I will be valuable for genome comparisons and for comparing genes for rRNA synthesis.
MATERIALS AND METHODS
Bacterial Strains, Phages, Plasmids, and Cultivation Conditions. S. typhimurium LT2 and the plasmids were from numerous sources and are maintained at the Salmonella Genetic Stock Centre (SGSC) at the University of Calgary. The following, some described earlier (11) The plasmids carrying genes of S. typhimurium which were used as probes for Ceu I fragments were Ceu I-A, pSX62 (from Eric Vimr, University of Illinois, Urbana); Ceu I-B, pGS137 (metC); Ceu I-D, pGS41 (metE); Ceu I-E (metBJ); and Ceu I-G (metH) (the last four probes were from G. Stauffer, University of Iowa, Iowa City).
Luria-Bertani (LB) medium (10 g of tryptone, 5 g of yeast extract, 10 g of NaCl, 3.5 ml of 1 M NaOH) was used for cultivation of all strains; solid medium also contained 1.5% agar. Tetracycline, ampicillin, and chloramphenicol were used at 20, 100, and 40 pg/ml, respectively. Strains Plasmid DNA was isolated by the rapid alkaline lysis method (13) . DNA was 32P-labeled for Southern blotting with the 17 Quick-Prime kit of Pharmacia. DNA fragments were blotted onto Immobilon-P transfer membrane (Millipore) and hybridized by previous methods (3) , and the membranes were washed, air-dried, and autoradiographed.
Isolation and Redigestion of Restriction Fragments. Fragments from digestion of genomic DNA were excised from gels under long-wavelength UV light, and the agarose block was trimmed to a 1 mm slice (or smaller). The DNA was digested with a second enzyme, using the above methods. The double-digested DNA was separated by PFGE as described above. Table 1 ). (B) Lanes: 9, N. meningitidis; 10, H. influenzae; 11, Pasteurella haemolytica; 12, Proteus morganii; 13, Proteus rettgeri. consistent patterns, and at lower concentrations partial digestion results in extra bands. When Ceu I digests were end-labeled with 32p, separated by PFGE, and autoradiographed, only seven bands were detected; bands as small as 1 kb could have been detected (data not shown). The positions of these seven fragments on the known physical map of S. typhimurium were determined by locating Xba I sites in the Ceu I fragments and correlating them with the known Xba I map (3) . Ceu I fragments were excised from the gel, digested with Xba I, and electrophoresed again, and the sizes of resulting fragments were determined (Table 1) . Xba I fragments from digestion of Ceu I-A correspond with fragments from 6 min to 50 min ( Fig. 2) (3) . Xba I fragments from Ceu I-B correspond to the region clockwise from this. Fragments B and G, length 775 and 740 kb, though not separated in Fig.  1 , lane 3, are separated in other gels. The three small fragments, D, E, and F, were located by partial digestion; low concentrations of the enzyme gave fragments equivalent to the sum of fragments DE, EF, and DEF (but not DF). When these bands were excised and digested further with Ceu I, Table 1 (8, 9) , which is designated rrl in E. coli (15) . The rrnB gene of E. coli K-12 (Fig. 3) contains a Ceu I site and sites for other rare-cutting restriction enzymes (Xba I, Bln I, Not I). Based on the locations of the Ceu I fragments, the locations ofthe seven Ceu I sites and the rrl gene for each are shown (Table 1 ). The fragments on the circular chromosome of S. typhimurium (Fig. 2) are consistent with the positions of rrn genes known in E. coli (15) and in S. typhimurium (14, 17) . The Ceu I sites are designated clockwise as sCl, sC2, etc., where sCl and sC2 are at the ends of fragment A, using conventions adopted from the Xba I and Bln I maps of E. coli (2) FIG. 2. Ceu I and Xba I genomic cleavage maps of the chromosome of S. typhimurium LT2. The map is oriented so that the top is located at thr (for threonine). The Ceu I sites are labeled sCl (for site Ceu 1) and continuing clockwise to sC7, in order around the genomic map. The Ceu I fragments are designated A through G, in order clockwise around the map starting at sCl. The size in kb of each fragment, estimated from gels (e.g., see Fig. 1 ), is outside the circle.
RESULTS
The rrn gene, and a tRNA gene, at each Ceu I site is shown. Three of the rrn genes have a gene for tRNA for alanine and for isoleucine; only the alanine tRNA is shown. Four have a gene for glutamate tRNA. The pattern is the same in S. typhimurium, but rrnD and rrnB are exchanged relative to E. coli (14) ; the structure inferred for Salmonella is shown here.
GenBank nucleotide sequences (20) to be identical to the 26-bp recognition site for Ceu I, and the other rrl genes are expected to be conserved. [This identity had been observed previously (8) .] Second, the occurrence of this large recognition site by chance at other locations is unlikely. Ceu I digestion of E. coli W3110 DNA yielded seven fragments, of similar sizes to S. typhimurium (Fig. 1, lane 1) ; the cleavage map is in Fig. 5 . The E. coli fragments sum to 4666 kb, about 150 kb less than S. typhimurium, consistent with other data from E. coli K-12 (2, 21-23) and S. typhimurium LT2 (3, 5) . The sizes of Ceu I fragments were estimated by Kenn Rudd (personal communication) on the basis of the distance between Ceu I sites in rrn genes in EcoSeq6, a summary of E. coli sequences and restriction map data. These are shown (rounded to 100 bp) in parentheses after the size in kb from PFGE: A, 2460 (2500.9); B, 700 (705.6); C, 530 (529.5); D, 92 (95.2); E, 130 (131.3); F, 44 (42.3); G, 670 (667.6). This shows good agreement between the two methods. The rrnD-rrnE inversion in W3110 is not expected to affect the sizes of Ceu I fragments. The measurement of size of small fragments, and the comparisons between homologous fragments, is within a few kilobases, but estimates of larger bands such as Ceu I-A are less accurate. S. typhimurium has a 90-kb virulence plasmid, pSLT, which was previously recognized as Xba I-L (3) and Bln I-G2 (5). The plasmid presumably lacks a Ceu I site and the closed circular DNA was trapped in the well so did not show up in this analysis.
Use of Ceu I in Establishing the Physical Maps of Salmonella Serovars. The digestion data for Ceu I suggest (i) that the Ceu I site is present in all rrl genes in S. typhimurium and E. coli, (ii) that it is not found in other parts of the chromosome, and (iii) that in no cases are Ceu I sites protected from digestion by modification or other means. In addition, the locations as well as the sequence of rrn genes are conserved. In E. coli and S. typhimurium these genes are close to oriC, the site of initiation of replication, and all seven are transcribed in the same direction as chromosomal replication; these locations may be conserved by the need for high levels oftranscription. Rearrangements involving rrn genes in E. coli K-12 were usually disadvantageous for growth, and would be selected against (14) . Hence Ceu I digests of enteric bacteria are expected to be similar, permitting recognition of homologous parts of the genome, and thus of segments which have gained or lost sequences. Ceu I digests of several different serovars of Salmonella all yielded seven fragments which can be (tentatively) assigned, by size alone, as a homologue of a specific band of S. typhimurium or E. coli. The Ceu I digests from S. dublin (Fig. 1, lane 2 in other preparations) and S. typhi (lane 8) have different sizes of fragments than the other Salmonella.
The correspondence of individual fragments to those of S. typhimurium LT2 was determined by probing gels from Ceu I digests of different serovars with DNA representing Ceu I fragments A, B, E, and G. Fig. 4A shows an ethidium bromide-stained gel, while Fig. 4B shows the autoradiograph after probing with DNA of S. typhimurium metH (band G) and Fig. 4C shows metBJ DNA (band E) . In most cases, the band predicted from size to be homologous to the S. typhimurium band is confirmed. The probes did not detect E. coli DNA, presumably because of sequence dissimilarity. Ceu I maps for S. enteritidis, S. paratyphi A, B, C, and S. typhi are presented in Fig. 5 . The fragments are ordered around the chromosome by analogy with S. typhimurium and E. coli, and rearrangements cannot be excluded. Most size estimates are accurate to a few kilobases, but the size for Ceu I-A is only approximate except for S. typhimurium. The differences in size of some of the fragments, especially Ceu I-G, is presumed to indicate insertions or deletions. In addition, the position of sC3, inferred to be in the rrnD gene, is shifted in S. paratyphi C, and the chromosomes of S. paratyphi C and S. typhi are larger than the others.
Analysis of Other Bacterial Species. Ceu I digestion of genomic DNA of Proteus spp., P. haemolytica, H. influenzae, and N. meningitidis (Fig. 1B) indicated that all these strains have several Ceu I sites, presumably in rrn genes. (8) recognized that the Ceu I site is in known sequence in the rrnB gene ofE. coli, and they postulated that some or all of the rrn genes were cut but thought that cleavage might occur at other sites. We show that all seven rrn genes, and no other sites, are cut. Ceu I is the only enzyme we know with these properties. rrn genes have several sites for rare-cutting endonucleases; e.g., the rrnB gene of E. coli has two sites for Bln I and one site for each of (Fig. 2) . These maps are tentative for species other than E. coli, S. typhimurium, and S. enteritidis. The scale in min of the linkage map is on the left, with thr at 0 min, and a scale in megabases (Mb) is on the right. Ceu I fragments were identified by probing with DNA from S. typhimurium. Data for fragments E and G are in Fig. 4 ; data for fragments A, B, and C are not shown; fragments D and F were not tested. The rrn gene for each Ceu I site in S. typhimurium and E. coli is on the left; these are assumed to apply to other Salmonella serovars as well.
Xba I, Not I, and Ceu I (Fig. 3) .wLe 0 cut by Bln I, and other genes which contain Bln I sequences are not cut (2) . Xba I cuts all four rrn genes with glutamate tRNA regions but not other rrn genes in E. coli (2) and S. typhimurium (unpublished data).
In addition, Ceu I has the advantage, for comparing genomes of bacteria, that it cuts at no sites other than rrn genes. The patterns of fragments from digestions of E. coli and Salmonella with other endonucleases are very different; however, after Ceu I digestion homologous fragments can usually be recognized by inspection of fragment size (Fig. 1) . This conservation offragment pattern facilitates comparisons of bacterial genomes.
The linkage maps of enteric bacteria such as E. coli and S. typhimurium show similar locations for "housekeeping" genes for amino acid, purine, and pyrimidine synthesis and for sugar catabolism (18) . These are genes essential for growth in nature, present in both organisms, and usually strongly conserved for amino acid sequence. In addition, there are segments of DNA missing from one organism which are present in the other (19, 24) . These genes give the species its individuality. Thus the genomes of different but related species have a similar framework but insertions of very diverse DNA. Comparison of Ceu I digests of related species is well suited to recognize these differences, because the rrl genes, which contain the only Ceu I site recognized so far, are strongly conserved in number and location. Thus the chromosome is divided into segments, which can be compared between strains or species. Though there is strong conservation of genome structure, there are differences in segment length in serovars of Salmonella.
We tested a sample of Gram-negative bacteria for Ceu I digestion (Fig. 1) . According to Bergey's Manual (25) , Proteus is in the family Enterobacteriaceae, as are Salmonella and Escherichia, while Pasteurella and Haemophilus are in Pasteurellaceae and Neisseria is in Neisseriaceae. Woese (10) places these genera in the purple bacteria of the eubacteria, in the gamma-3 group (for most) or beta-3 (for Neisseria). Bacteria other than enterics have Ceu I sites, presumably in rrn genes (Fig. 1B) , but we have not determined the number of Ceu I fragments in these cases. The two Proteus species, and some of the others, seem to have seven fragments, and most have a band greater than 2000 kb in size. Thus the genome resembles the genomes of E. coli and Salmonella in having several rrn genes localized in one part of the chromosome. Four of the five species have a fragment of 40-42 kb, very close in size to Ceu I-F of S. typhimurium and E. coli. In E. coli this segment contains important genes, rrnB-thrU-tyrU-glyT-thrT-tufB-rplKAJL-rpoBC-rrnE (15); we speculate that these genes were conserved in the Gram-negative species. A BLAST (20) search of the nucleotide sequences in GenBank and the EMBL data base revealed that the rrn genes of mitochondria and, where present, chloroplasts of several higher plants, algae, fungi, and protozoa, as well as many bacterial species, had the 26-bp Ceu I site; nuclear rrn genes did not have this site. Thus Ceu I will be useful for analysis of genome structure and evolution in bacteria and in organelles of many eukaryotes.
